The degradation of neoagarotetraose and neoagarobiose by Cytophagaflevensis was investigated. The organism possesses an enzyme that hydrolyzes the tetramer by cleavage of its central fl-galactosidic linkage. The product of this reaction, neoagarobiose, is further hydrolyzed enzymatically to t)-galactose and 3,6-anhydro-L-galactose. Both enzyme activities were localized in the cytoplasm. Attempts were made to partially purify the respective enzymes and although a 30-40-fold purification was achieved, the final preparation contained both neoagarotetra-ase and neoagarobiase activities, Evidence was obtained that these activities were due to different enzymes. Neoagarotetra-ase is highly specific for oligosaccharides containing neoagarobiose units; the rate of hydrolysis is greatest with neoagarotetraose. It cannot hydrolyze pyruvated neoagarotetraose. Optimal conditions for its activity were pH 7.0 and 25 C. Neoagarobiase hydrolyzes only neoagarobiose and neoagarobiitol and optimal conditions for activity were pH 6.75 and 25 C. Both enzymes were inhibited by Ag + , Hg 2 + and Zn 2 + ions and byp-CMB, which indicates that thiol groups are present in their active centres.
INTRODUCTION
The initial hydrolysis of agar polysaccharides by microorganisms is catalyzed by agarase and gives a mixture of oligosaccharides. As neoagarohexaose is the smallest oligosaccharide which can be cleaved by the known fl-agarases (van der Meulen, 1975) , the ultimate products are neoagarotetraose and neoagarobiose. Since the tetramer contains two ~t-galactosidic and one fl-galactosidic linkage, two additional enzymes are required to complete the hydrolysis of agarose into monomers. So far, the enzymatic hydrolysis of these two oligosaccharides has only been studied in Pseudomonas atlantica (Young et al., 1971) but detailed results have not yet been published. In this organism the central fl-galactosidic linkage of neoagarotetraose is hydrolyzed by a periplasmic fltetrasaccharidase (neoagarotetra-ase). The ct-galactosidic linkage in the resulting neoagarobiose molecules is subsequently hydrolyzed by an intraceUular 0t-disaccharidase (neoagarobiase). The ultimate products of the hydrolysis of agarose are therefore the constituent monomers, namely D-galactose and 3,6-anhydro-L-galactose.
As part of a study on the regulation and characterization of the agarolytic enzyme system of Cytophagaflevensis (van der Meulen, Harder and Veldkamp, 1974; van der Meulen and Harder, 1975) , we tried to elucidate the way by which neoagarotetraose was hydrolyzed enzymatically into its constituent monomers. Attempts were made to localize and purify the enzymes involved in these reactions and to study their properties. In addition, experiments have been conducted to determine whether the enzymes were inducible or constitutive. The present paper describes the results of these studies.
MATERIALS AND METHODS
Organism, media and cultivation. Cytophaga flevensis, strain A-34 (ATCC 27944) was used. This organism, its cultivation and the composition of the media used for growth have been described previously (van der Meulen et al., 1974) .
Release of enzyme from whole cells. Four methods (1-4) were employed to promote the release of enzyme from whole cells. These had been grown on a mineral medium supplemented with 0.1 ~ (w/v) acid-hydrolyzed agar and had been washed twice with the mineral medium. (1) and (2): Washed cells were either resuspended in 0.1 M Tris buffer pH 7.5 containing 0.1 M EDTA (Tris-EDTA treatment) or in 0.2 M MgCI2 of pH 7.0 (washing with magnesium ions). After stirring for 20 min at 4 C, cells were removed by centrifugation. The supernatant was concentrated by ultrafiltration and the buffer or MgCI2 solution was changed for 0.05 M potassium phosphate buffer pH 7.0. The resulting solution was tested for neoagarotetra-ase activity. (3): An osmotic shock procedure was carried out as described by Neu and Heppel (1965) . The buffer in the shock fluid was changed by ultrafiltration for 0.05 M potassium phosphate buffer pH 7.0. (4): Spheroplast formation was performed by the lysozyme-EDTA method (Kaback, 1971) in 0.05 M potassium phosphate buffer pH 7.0, containing 20 (w/v) sucrose. The buffer of the lysozyme-EDTA supernatant was changed by ultrafiltration for 0.05 M potassium phosphate buffer pH 7.0.
Determination of agarase activity. The assay was performed as described previously (van der Meulen et al., 1974) .
Determination of ~-and fl-galactosidase activity.
The standard reaction mixture contained 1 ml of 0.5 M potassium phosphate buffer pH 6.5, 1 ml of enzyme solution and 0.25 ml of 0.03 M 4-nitrophenyl-~-o-galactopyranoside or 2-nitrophenyl-fl-galactopyranoside. After incubation at 48 C for 30 min (~t-galactosidase) or 5 min (fl-galactosidase), the reaction was stopped by addition of 0.5 ml of 0.2 M EDTA in 1.0 M Na2CO3 and the absorbance was measured at 410 nm. In both cases the amount of nitrophenol liberated was proportional to enzyme concentration and time, up to at least 30 min or 5 min, respectively. One unit of enzyme activity is expressed as the amount of enzyme releasing 1/~mole of nitrophenol per min. Alternatively, enzyme activity was recorded as the absorbance of the standard assay mixture at 410 nm after incubation for the time interval indicated.
Determination of~-glucosidase activity. The standard reaction contained 1 ml of 0.5 M potassium phosphate buffer pH 7.5, 1 ml of enzyme solution and 0.25 ml of 0.03 M 2-nitrophenyl-ct-o-glucopyranoside. After incubation for 10 min at 48 C, the reaction was stopped by addition of 0.5 ml of 0.2 M EDTA in 1.0 M NazCO3 and the absorbance was measured at 410 nm. The amount of nitrophenol liberated was proportional to the enzyme concentration and time, up to at least 10 min. Enzyme activity was recorded as the absorbance of the standard assay mixture at 410 nm after incubation for the time interval indicated.
Determination of neoagarotetra-ase and neoagarobiase activity. The standard reaction mixture contained 20 #1 of 0.1 M imidazole-HC1 buffer pH 6.75, 20 #1 of 5 mM neoagarotetraose or neoagarobiose and 10 #1 of enzyme solution. After incubation at 24C for a certain period, depending on the enzyme activity present, the reaction was stopped by addition of 10/~1 of 0.01 M AgC1. After batch-wise desalting with Amberlite MB-3, the amount of substrate hydrolyzed was determined by quantitative thin-layer chromatography (TLC), as described previously (van der Meulen and Harder, 1975) . One unit of enzyme activity is arbitrarily defined as the amount of enzyme hydrolyzing 1 nmole of substrate per min. When long term incubations (4-20 h) were performed, stabilization of the enzyme was required and bovine serum albumin, if not already present, was added to a final concentration of 1 mg per ml. The amount of substrate hydrolyzed was proportional to the enzyme concentration, provided that less than half of it was hydrolyzed during the incubation. Intracellular enzyme activities were measured in cell-free extracts obtained by sonicating cells in a Model 60W ultrasonic disintegrator (MSE Ltd., Crawley, Sussex, England) at 2 C and 20 kHz.
Determination of protein.
Protein was estimated either by measuring the absorbance at 280 nm or by using the method of Lowry et al. (1951) with bovine serum albumin as the standard.
Isolation and reduction of neoagaro-oligosaccharides. Neoagaro-oligosaccharides were isolated and reduced to the corresponding alcohols as described previously (van der Meulen and Harder, 1975) .
Acid hydrolysis ofagar. Acid-hydrolyzed agar was obtained by adding a 5 (w/v) agar solution to an equal volume of 0.07 y HC1. After boiling for 10 min the mixture was rapidly cooled, concentrated 10 times under reduced pressure and filtered to remove solids. The resulting solution was sterilized by Seitz filtration at 60 C.
Ultrafiltration. Protein solutions were concentrated by ultrafiltration in an Amicon Diaflo cell with PM 10 membranes (Amicon BV, Oosterhout, The Netherlands).
Chemicals. 4-Nitrophenyl-~-o-galactopyranoside, 2-nitrophenyl-fl-D-galactopyranoside, 4-nitrophenyl-fl-D-galactopyranoside and 2-nitrophenyl-~-Dglucopyranoside were obtained from Baker Chemicals BV (Deventer, The Netherlands). All other chemicals used were reagent grade obtained from commercial sources.
RESULTS
Preliminary experiments with cell-free extracts obtained from cells grown on mineral medium supplemented with 0.1 ~ (w/v) acid-hydrolyzed agar, revealed that neoagarotetraose is hydrolyzed into two molecules of neoagarobiose and that, in turn, neoagarobiose is hydrolyzed into D-galactose and 3,6-anhydro-Lgalactose ( Fig. 1 ). This indicates that the pattern of hydrolysis is identical to that of Pseudomonas atlantica (Young et al., 1971) .
Localization of neoagarotetraose-and neoagarobiose-hydrolyzing enzyme activities. Since it did not seem likely that a large molecule such as neoagarotetra- ose could be transported directly across the cell membrane, it was thought that the neoagarotetraose-hydrolyzing activity might be localized outside the permeability barrier. This was investigated by treating whole cells by different methods which are known to promote the release of periplasmic enzymes localized outside the cell membrane (Cheng, Ingram and Costerton, 1970; Heppel, 1971) . However, in experiments with suspensions of C. flevensis grown in a mineral medium with acid-hydrolyzed agar (0.1 ~, w/v), no release of enzyme activity from the cells was obtained by either of the following procedures: washing with 0.2 M MgC12, treatment with Tris-EDTA, osmotic shock, or conversion of the cells into spheroplasts. These observations suggested that the enzyme is not localized outside the permeability barrier. This conclusion is further supported by the finding that washed suspensions of intact cells (3.5 mg dry wt/ml, washed in 0.05 M potassium phosphate buffer pH 7.0) showed only 5 o/~o of the neoagarotetraose-hydrolyzing activity of that of an equivalent amount of cellfree extract. In order to determine whether the neoagarotetraose-and neoagarobiose-hydrolyzing activities were cytoplasmic or bound to the cell membrane, spheroplasts were lysed and a particulate fraction was spun down at 100000 • g (1 h). The distribution of enzyme activities between the fractions (Table 1) suggests that both enzyme activities are located in the cytoplasm.
Partial purification of neoagarotetraose-and neoagarobiose-hydrolyzing enzyme activities. Cells (1.98 g dry wt) obtained from cultures of C.flevensis grown for 24 h in mineral medium containing 0.1 ~ (w/v) acid-hydrolyzed agar, were suspended in 80 ml of 0.07 M potassium phosphate buffer pH 5.5 and broken in an ultrasonic disintegrator. To the cell-free extract, a solution of 2.4 g streptomycin sulphate in 4.8 ml of water was added. After stirring for 15 rain, nucleic acids were removed by centrifugation. Protein was concentrated by adding ammonium sulphate to 85 ~ saturation. The precipitate was collected by centrifugation, dissolved in 0.07 M potassium phosphate buffer pH 5.5 and dialyzed overnight against 1000 volumes of buffer. The resulting solution was applied to a CM-Sephadex C-50 column (35 cm • 1.5 cm) equilibrated with 0.07 u potassium phosphate buffer pH 5.5. Elution was performed at 4C with a discon- Fig. 2 ) on Sephadex G-200. Fractions of 2 ml were collected; symbols as in Fig. 2. tinuous gradient of potassium phosphate buffer of increasing pH and molarity, as indicated in Fig. 2 . In order to prevent enzyme inactivation, bovine serum albumin (2 mg/ml, final concentration) was immediately added to samples taken for enzyme assays. Neoagarotetraose-and neoagarobiose-hydrolyzing activities were found in the same fractions which showed no agarase activity (Fig. 2) . Fractions 66--88 were pooled, concentrated by ultrafiltration and the buffer was replaced with 0.01 M potassium phosphate buffer pH 7.0. The re-suiting solution was immediately applied to a Sephadex G-200 column (69 cm • 2.4 cm). Protein was eluted with 0.01 M potassium phosphate buffer pH 7.0 at 4 C. Again the neoagarotetraose-and neoagarobiose-hydrolyzing activities were not separated (Fig. 3) . Attempts to further purify and separate both activities were unsuccessful due to their instability in the absence of bovine serum albumin. The question then arose whether both activities could reside on one enzyme or that two different enzymes were involved. As already indicated above, it seemed unlikely that only one enzyme could exhibit both ~-and flgalactosidase activities, since the known disaccharidases and oligosaccharidases are specific for either 0t-or fl-glycosidic linkages. Therefore we assumed that neoagarotetraose and neoagarobiose were hydrolyzed by separate enzymes namely neoagarotetra-ase and neoagarobiase, respectively. In the following paragraphs evidence in support of this assumption will be presented. The pooled fractions 87-109 were used for further experiments. This enzyme preparation was instable and addition of bovine serum albumin (2 mg/ml) was necessary to prevent loss of enzyme activity. The overall purification of neoagarotetra-ase was 34-fold with a recovery of 22 ~o, and the overall purification of neoagarobiase was 40-fold with a recovery of 26 ~o.
Specificity. The enzyme preparation described above was incubated with different oligosaccharides in order to estimate the specificity of both enzymes. The activity of the preparation for the hydrolysis of 4-nitrophenyl-fl-galactopyranoside and lactose was lost during storage for 3 days at 2 C. The hydrolysis of the oligosaccharides was followed by thin-layer chromatography (Table 2) . Table 2 . Specificity of partially purified neoagarobiase and neoagarotetra-ase. Incubations were carried out according to the standard procedure and the reaction was followed by TLC analysis. + hydrolysis observed ; -no hydrolysis observed.
Among the c~-galactosides tested, melibiose and 4-nitrophenyl-~-galactopyranoside were not hydrolyzed. This observation led us to the tentative conclusion that the hydrolysis of neoagarobiose and neoagarobiitol is cotalyzed by a neoagarobiase which is specific for the hydrolysis of disaccharides containing an ~-galactosidic linkage and 3,6-anhydrogalactose at the non-reducing end of the molecule. In neoagarotetraose, -hexaose, -octaose and neoagarotetraitol initially only fl-galactoside linkages were hydrolyzed. The reason for this is probably that the concentration of the products of hydrolysis accumulating in the reaction mixture is too low to allow the neoagarobiase to hydrolyze the ~-galactosidic linkage in neoagarobiose. This supports the conclusion that two different enzymes are involved in the total hydrolysis of neoagaro-oligosaccharides.
Since the other/~-galactosides tested were not hydrolyzed it can tentatively be concluded that neoagaro-oligosaccharides are hydrolyzed by a neoagarotetraase which is specific for the hydrolysis of fl-galactosidic linkages in neoagarooligosaccharides. It was observed that the activity of neoagarotetra-ase against neoagaro-oligosaccharides decreased when the degree of polymerization of the substrate increased (van der Meulen, unpublished results). The enzyme did not hydrolyze pyruvated neoagarotetraose (43, 63-0-(l'-carboxyethylidene)-neoagarotetraose).
Effect of pH on enzyme activity and stability. Neoagarotetra-ase was most active at pH 7.0 and neoagarobiase at pH 6.75 (Fig. 4) . In order to study their pH stability, enzyme solutions were adjusted to various pH values and incubated at 4 C for 18 h, after which the remaining activity was estimated dccording to the standard procedure. No appreciable loss of neoagarotetra-ase activity was noticed in the range between 6.5 and 8.5, and no loss of neoagarobiase activity in the pH range between 6.75 and 8.5. Beyond these values the enzymes were rather unstable.
Effect of temperature on enzyme activity and stability. Both neoagarotetra-ase and neoagarobiase were most active at 25 C (Fig. 5) . The thermal stability of the enzymes was investigated by incubating an enzyme solution at different temperatures for 10 rain. Both enzymes were rather heat-labile. Neoagarotetra-ase lost no activity at 30 C, but 50~,, was lost at 34 C. Neoagarobiase lost no activity at 25 C, but 50 ~,, was lost at 30 C.
EJfect of various reagents on enzyme activity. The activity of neoagarotetraase and neoagarobiase was estimated in the presence of various reagents. The results are summarized in Table 3 . Both enzymes were totally inhibited by Ag ~, Hg 2 ~ and Zn 2 ' ions, and by p-CMB, Pb z ~ ions also severely inhibited both enzymes. Inhibition byp-CMB could be reversed by mercaptoethanol, indicating that both enzymes have thiol groups in their active centre.
The activity of neoagarobiase was not affected by the presence of D-galactose, L-arabinose, D-fucose or L-fucose (1 mM).
Enzyme production on media with different carbon sources. In order to investigate whether the synthesis of neoagarotetra-ase and neoagarobiase was reg- The enzyme assays were carried out according to the standard procedure at various temperatures. Table 3 . Effect ofmetalions, EDTA and sulphydryl reagents on the activity ofneoagarobiase and neoagarotetra-ase. The assays were carried out according to the standard procedure and enzyme activities were determined in the presence of the effector (without prior incubation) at a concentration of 1 mM, except for EDTA (5 raM). (Table 4) . High levels of the enzymes were produced When C. flevensis was grown on neoagaro-oligosaccharides and low but detectable levels were produced when cells were grown on most of the other sugars tested. These results indicate that both enzymes are inducible. Among the neoagaro-oligosaccharides, neoagaro-octaose was the best inducer of both enzymes. D-Galacturonic acid only induced neoagarobiase. Melibiose induced neoagarotetra-ase and, in addition, was a good inducer of neoagarobiase. When glucose was added to a medium containing neoagaro-oligosaccharides (0.1 ~o, w/v), the synthesis of both enzymes was repressed.
Effect of growth rate on enzyme production. In order to study the effect of growth rate on the synthesis of neoagarotetra-ase and neoagarobiase, the organism was grown in a chemostat. The limiting carbon source was a mixture of neoagaro-oligosaccharides with an average degree of polymerization of 5.6. The specific rate of production of both enzymes showed a maximum at a dilution rate of 0.1 h 1 (Fig. 6) . When the limiting carbon source was D-galactose, neither neoagarotetra-ase nor neoagarobiase activities were found at any of the dilution rates tested (0.05, 0.1, 0.2 and 0.25 h 1). These results exclude the possibility of constitutive enzyme production regulated by catabolite repression (Hsu and Vaughn, 1969) and so substantiate the conclusion that the enzymes are inducible. o--"-,2.
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DISCUSSION
The results of the present study complement our knowledge of the hydrolysis of the algal polymer agarose by C.flevensis. The initial attack on this polymer by the agarase of this organism occurs either extracellularly or at the surface of the bacterium and gives a mixture ofneoagaro-oligosaccharides (van der Meulen and Harder, 1975) which can pass the cell-waU barrier. Since agarase cannot hydrolyze oligosaccharides smaller than the hexamer, additional enzymes are required to hydrolyze agarose into its constituent monomers. It was found that neoagarotetraose is hydrolyzed by C. flevensis by cleavage of the central fl-galactosidic linkage. The results obtained suggest that the site of hydrolysis of this tetramer is intracellular and not periplasmic as was found for Pseudomonas atlantica (Young et al., 1971) . This is surprising in view of the size of the neoagarotetraose molecule. However, direct evidence demonstrating that neoagarotetraose is transported across the cell membrane without prior or concomitant hydrolysis could not be obtained because labeled neoagarotetraose was not available. Neoagarobiose, produced both by action of neoagarotetra-ase and agarase (van der Meulen and Harder, 1975) , is hydrolyzed intracellularly by cleavage of its ~-galactosidic linkage into o-galactose and 3,6-anhydro-L-galactose. The degradative scheme for agarose outlined here for C. flevensis is identical to that reported for Pseudornonas atlantica (Young et al., 1971) .
In the present study, using CM-Sephadex ion-exchange chromatography and gel filtration, the neoagarotetraose-and neoagarobiose-hydrolyzing activities of C. flevensis could not be separated. Evidence was obtained that in C. fievensis the hydrolysis of neoagarotetraose into its constituting monomers is catalyzed by two separate enzymes, namely neoagarotetra-ase and neoagarobiase. This evidence came from the following observations: (1) initial hydrolysis of neoagarotetraose by an enzyme preparation containing both enzyme activities only yielded neoagarobiose as a product; (2) induction of the two enzyme activities is not coordinated since the ratio of their activities varied considerably with growth conditions (Table 4) ; (3) differences were found in the behaviour of both enzyme activities with respect to the effect ofinhibitors (Table 3) , the effect of pH (Fig. 4) and the effect of various temperatures (Fig. 5) . We therefore conclude that in C. flevensis the hydrolysis of agarose into its constituent monomers requires the presence of at least 3 different enzymes, namely agarase, neoagarotetra-ase and neoagarobiase.
Although both neoagarotetra-ase and neoagarobiase hydrolyze galactosidic linkages, it appears that they do not hydrolyze nitrophenyl-o-galactopyranosides (Table 2) . Furthermore, their elution pattern on CM-Sephadex was not identical with that of the nitrophenyl-o-galactopyranosides-hydrolyzing activities (Fig. 2) . The observation that pyruvated neoagarotetraose is not hydrolyzed by neoagarotetra-ase means that, of the agar polymers, C.flevensis utilizes neutral agarose most easily. This finding accords with the earlier observation that methylated and sulphated agar polymers are less easily attacked by C. fievensis than agarose (van der Meulen and Harder, 1975) .
Neoagarotetra-ase and neoagarobiase were shown to be inducible since high enzyme levels were only produced during growth on neoagaro-oligosaccharides and melibiose, and were subject to catabolite repression. These properties were also found for the agarase of C. flevensis (van der Meulen and Harder. 1975) . However, when the organism was grown in continuous culture, the specific rate of production of the tetrasaccharidase and the disaccharidase was optimal at a dilution rate of 0.1 h 1, while the rate of production of agarase decreased with increasing growth rate. Furthermore, neoagaro-octaose was the best inducer of the oligosaccharidase activities, whereas neoagarotetraose was the best inducer ofagarase activity in batch culture (van der Meulen and Harder, 1975) . This suggests that neoagarotetra-ase and neoagarobiase on one hand and agarase on the other are subject to different regulatory control mechanisms which may result from a different balance between induction and catabolite repression (Bull, 1972) . Furthermore, the observation that the ratio of neoagarotetra-ase and neoagarobiase activities varies with growth conditions (Table 4 ) may indicate that the production of these enzymes is also not coordinated.
